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Remodeling of Three-Dimensional Organization
of the Nucleus during Terminal Keratinocyte
Differentiation in the Epidermis
Michal R. Gdula1,2, Krzysztof Poterlowicz1, Andrei N. Mardaryev1, Andrey A. Sharov2, Yonghong Peng1,3,
Michael Y. Fessing1 and Vladimir A. Botchkarev1,2
The nucleus of epidermal keratinocytes (KCs) is a complex and highly compartmentalized organelle, whose
structure is markedly changed during terminal differentiation and transition of the genome from a transcrip-
tionally active state seen in the basal and spinous epidermal cells to a fully inactive state in the keratinized cells of
the cornified layer. Here, using multicolor confocal microscopy, followed by computational image analysis and
mathematical modeling, we demonstrate that in normal mouse footpad epidermis, transition of KCs from basal
epidermal layer to the granular layer is accompanied by marked differences in nuclear architecture and
microenvironment including the following: (i) decrease in the nuclear volume; (ii) decrease in expression of the
markers of transcriptionally active chromatin; (iii) internalization and decrease in the number of nucleoli; (iv)
increase in the number of pericentromeric heterochromatic clusters; and (v) increase in the frequency of
associations between the pericentromeric clusters, chromosomal territory 3, and nucleoli. These data suggest a
role for nucleoli and pericentromeric heterochromatin clusters as organizers of nuclear microenvironment
required for proper execution of gene expression programs in differentiating KCs, and provide important
background information for further analyses of alterations in the topological genome organization seen in
pathological skin conditions, including disorders of epidermal differentiation and epidermal tumors.
Journal of Investigative Dermatology (2013) 133, 2191–2201; doi:10.1038/jid.2013.66; published online 14 March 2013
INTRODUCTION
The cell nucleus is a highly complex organelle that consists of
the nuclear membrane, individual chromosomes occupying
distinct territories, as well as nuclear bodies (nucleoli, Cajal
bodies, promyelocytic leukemia bodies, nuclear speckles, Poly-
comb bodies) located in inter- and intrachromosomal compart-
ments (Lanctot et al., 2007; Hubner and Spector, 2010). Genetic
material (DNA) in the nucleus is compacted up to several
thousand folds and organized into chromosomes as a complex,
with histones and non-histone proteins that allows the genome
to be replicated, transcribed, and repaired (Hemberger et al.,
2009; Ho and Crabtree, 2010). The nucleus is also involved in
a number of other functions, including the RNA processing,
ribosome assembly, and maintenance of the mechanical
integrity of the cell (Rippe, 2007; Rowat et al., 2008).
Three-dimensional (3D) organization of the nucleus and
spatial compartmentalization of the distinct chromatin
domains, nuclear bodies, and macromolecular protein com-
plexes are dynamic, and show remarkable changes during cell
differentiation (reviewed in Hubner and Spector, 2010; Joffe
et al., 2010; Schoenfelder et al., 2010). Activation and
silencing of distinct genomic loci during cell differentiation
are often accompanied by changes in their positioning
relatively to the corresponding chromosomal territories and
other nuclear compartments, as well as by changes in the
morphology and number of nuclear bodies (Deniaud and
Bickmore, 2009). Despite a certain similarity in the nuclear
architecture between differentiated versus undifferentiated
cells, spatial organization of the genome in the nucleus
appears to be unique for each cell type and, together with
distinct patterns of nucleosome positioning, DNA methylation,
and histone modifications, constitute an ‘‘epigenetic
signature’’ of the cell (Naumova and Dekker, 2010).
In the epidermis, lineage-committed progenitor cells reside
in the basal layer, where they proliferate and differentiate into
cells of the suprabasal layers, forming the stratified epithelium
(Fuchs, 2007; Koster and Roop, 2007; Blanpain and Fuchs,
2009). Transition of the progenitor cells into keratinocytes
(KCs) of suprabasal layers occurs through asymmetric cell
division (Lechler and Fuchs, 2005; Poulson and Lechler,
2010). The process of terminal differentiation in epidermal
KCs is accompanied by coordinated activation and silencing
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of the sets of genes, including those that constitute several
lineage-specific loci (keratin type I and II loci, the epidermal
differentiation complex (EDC), and so on), and encoding
essential structural components of the epidermal barrier
(Segre, 2006; Bazzi et al., 2007).
During terminal differentiation of the epidermal KCs, the
nucleus undergoes programmed structural and biochemical
changes during transition from a highly active status, asso-
ciated with execution of the genetic programs of epidermal
barrier formation, to a fully inactive condition, and finally
becomes a part of the keratinized cells of the cornified
epidermal layer (Botchkarev et al., 2012). Earlier studies
demonstrated that KC transition between the distinct
epidermal layers is accompanied by marked morphological
and ultrastructural changes in the nucleus, including its size,
shape, structure of nucleoli, and so on. (Breathnach, 1971;
Karasek et al., 1972; Tsuji and Cox, 1977). As spatial
organization of the distinct genomic loci and nuclear bodies
are critical for the proper regulation of gene expression
(Dundr and Misteli, 2010; Schoenfelder et al., 2010),
changes in the size and shape of the KC nucleus associated
with terminal differentiation might, on the one hand,
influence the 3D genome structure and gene expression
programs in differentiating cells. On the other hand, it
might reflect reorganization of these programs accompanied
by the differentiation-associated accumulation or loss of the
distinct cytoplasmic components, such as keratin 14,
interacting with nuclear envelope and regulating nuclear
shape (Lee et al., 2012).
Recent studies demonstrate that spatial genome organiza-
tion in KCs is intimately linked to the regulation of gene
expression, and that the higher-order chromatin remodeler
Satb1, serving as a direct target for p63 transcription factor,
controls chromatin folding of the EDC and gene expression
during epidermal KC differentiation in vivo (Fessing et al.,
2011). Furthermore, 3D genome organization also changes
during KC differentiation in vitro, including the position of
selected chromosomes and EDC locus relatively to the
corresponding chromosome territory (Williams et al., 2002;
Marella et al., 2009).
However, despite an increasing amount of information on
epigenetic mechanisms controlling gene expression in KCs
(reviewed in Eckert et al., 2011; Wang and Chang, 2011;
Botchkarev et al., 2012; Zhang et al., 2012), a systematic
analysis of the remodeling of 3D organization of the nucleus
during terminal KC differentiation in the epidermis in situ has
not been done yet. Further, the extent to which nuclear
architecture shows preferential changes at defined stages of
cell differentiation process in the epidermis in vivo still
remains unclear.
By using multicolor confocal microscopy, 3D image analy-
sis, and mathematical modeling of the nucleus, we describe
here the remodeling of the nuclear architecture during
terminal differentiation of the normal mouse epidermal KCs
in vivo. Our results reveal significant changes in multiple
parameters of 3D genome organization in KCs during transi-
tion from the basal to the spinous and granular epidermal
layers, including changes in spatial associations between the
pericentromeric heterochromatin domains, nucleoli, and
chromosomal territory 3 bearing the EDC locus. We summar-
ize these data as a model, suggesting that the establishment
and silencing of differentiation-associated gene expression
programs in epidermal KCs in vivo involves marked changes
in their nuclear architecture and 3D genome organization.
RESULTS
Terminal KC differentiation in the epidermis is accompanied by
changes in the nuclear volume and shape
To define the changes in 3D organization of the KC nucleus
during terminal differentiation in the epidermis in situ, cryo-
sections of the 10-day-old mouse footpads were stained with
DAPI (4’,6-diamidino-2-phenylindole) and analyzed using
confocal microscopy, followed by image analysis and 3D
computational reconstruction (Supplementary Figure S1
online). Nuclei of the spinous and granular layer cells were
determined after immunostaining of the skin cryosections with
antibodies against keratin 10 or loricrin, respectively
(Supplementary Figure S2 online). Murine footpad epidermis
was purposely selected for this study, because it, at least in
part, resembles the human palmoplantar epidermis morpho-
logically and, in contrast to other postnatal mouse skin areas,
consists of several well-defined layers of KCs (Loomis et al.,
1996). Moreover, in newborn mice, basal layer of the footpad
epidermis does not contain melanocytes and represents a
more homogenous population of epidermal progenitor cells in
comparison with the trunk skin (Kunisada et al., 1998; Plikus
et al., 2004).
3D reconstructions based on the image-stack analyses,
collected using confocal microscopy of 80-mm thick cryosec-
tions of the footpad epidermis, confirmed the previously
reported observations on changes in the orientation of the
long axis of the nucleus from vertical to horizontal during
transition of KCs from the basal to suprabasal layer of the
epidermis (Figure 1a) (Rowden, 1975; Loomis, 2001; Lechler
and Fuchs, 2005; Lee et al., 2012). Analysis of the ratios
between the long axis and the average of two shorter axes of
the ellipsoid nuclei showed that KC nuclei in the basal and
granular epidermal layers were significantly more elongated
compared with those in the spinous layer, where nuclei were
more round in shape (Figure 1b).
To assess changes in the nuclear volume among KCs of
different epidermal layers, skin was immunostained with
antibody against proliferative marker Ki-67, and nuclear
volume was assessed separately in proliferating and nonpro-
liferating cells. Ki-67 positive cells were seen almost exclu-
sively in the basal epidermal layer (Botchkarev et al., 1999;
Sharov et al., 2003; Lechler and Fuchs, 2005), and showed
significantly larger nuclear volume compared with nuclei of
nonproliferative cells (Figure 1a and c). Both proliferative and
nonproliferative basal cells showed significantly larger
nuclear volume compared with cells of the spinous or the
granular epidermal layers (Figure 1c). These data demon-
strate that in addition to the changes in the orientation and
shape of the nucleus, terminal differentiation of the epidermal
KCs was accompanied by significant decrease of the nuclear
volume.
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Markers of transcriptionally active chromatin are decreased
during epidermal KC differentiation
To check whether changes in the nuclear volume and shape
during epidermal KC differentiation are accompanied by the
remodeling of nuclear architecture and redistribution of the
transcriptionally active chromatin domains, we performed
immunostainings with antibodies against the corresponding
markers, such as the elongating form of RNA polymerase II
phosphorylated at serine 2 of the C-terminal domain of its
large subunit, histone H3 trimethylated at lysine 4, and histone
H3 acetylated at lysine 56 (Zhou et al., 2011).
In basal and spinous epidermal cells, all the three markers
showed highest abundance (Figure 2a–c, Supplementary
Figure S3 online). However, levels of the polymerase II
phosphorylated at serine 2 of the C-terminal domain, H3
trimethylated at lysine 4, and histone H3 acetylated at lysine
56 were significantly decreased in the granular layer com-
pared with KCs of the basal and spinous layers (Figure 2a–c,
Supplementary Figure S3 online). These data suggest that
global transcription levels are markedly decreased in termin-
ally differentiated KCs of granular layer compared with KCs of
the basal and spinous epidermal layers.
Nucleoli are repositioned toward the nuclear interior and
decreased in number in terminally differentiated KCs
Nucleoli are the largest nuclear bodies serving as sites of the
ribosomal DNA transcription, rRNA maturation, and ribosome
production, as well as fulfilling noncanonical functions, such
as storage of numerous proteins, and so on. (McKeown and
Shaw, 2009; Bartova et al., 2010; Boulon et al., 2010).
Nucleoli are assembled only around the active nucleolus
organization regions of selected chromosomes, in which
ribosomal RNA genes are clustered (Lam et al., 2005;
Hernandez-Verdun, 2006; Smirnov et al., 2006). As nucleoli
are surrounded by the perinucleolar heterochromatin, which
represents the sites of gene silencing for many genomic
regions, their positioning and number are important not only
for the maintenance of metabolic activity of the cell but also
for gene silencing during execution of the cell differentiation–
associated gene expression programs (Mao et al., 2011).
To analyze the number, volume, and positioning of nucleoli
during epidermal KC differentiation, we used immunostaining
with antibodies against the nucleolar-specific marker nucleo-
phosmin/B23 (Scherl et al., 2002). Cells residing in the basal
epidermal layer showed significantly more nucleoli compared
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Figure 1. Remodeling of the nuclei during terminal keratinocyte differentiation. (a) Three-dimensional reconstruction of nuclei in the mouse footpad based
on confocal microscopy of the tissue samples stained with marker of proliferating cells (antibody against Ki-67) and DAPI (4’,6-diamidino-2-phenylindole).
(b) Changes in nuclear shape measured as the ratio of long axis to the average of two shorter axes during keratinocyte differentiation. (c) Keratinocyte nuclear
volume in the different epidermal layers. Data in b and c represent means with 95% confidence interval; 30 nuclei in every group were measured; **Po0.01,
***Po0.001.
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with KCs of the spinous (P¼ 0.0021) and granular layers
(P¼ 0.0186; Figure 2d–f).
Despite the decrease in number of nucleoli in the spinous
layer compared with basal epidermal KCs, the total volume of
nucleoli per nucleus was significantly increased in the spinous
layer cells (11.3% of the volume of the nucleus) versus the
basal cells (7% of the nuclear volume). In the granular layer,
the volume of the nucleoli decreased compared with the
spinous layer (9.6% of nuclear volume), but it was still larger
than that in the basal layer (Figure 2g). Moreover, an average
volume of the nucleoli increased during KC differentiation; the
smallest nucleoli were seen in the basal layer, whereas
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Figure 2. Remodeling of transcriptionally active chromatin domains and nucleoli during terminal keratinocyte differentiation. Enrichment of the markers of
actively transcribed chromatin in the basal and spinous layers and decrease of their level in the granular layer: phospho-serine-2 RNA Pol II (elongating form) (a),
histone H3 trimethylated at lysine 4 (H3K4me3; b), histone H3 acetylated at lysine 56 (H3K56ac; c). (d) Representative 200 nm single optical section of the
epidermis stained with antibody against nucleolar marker nucleophosmin/B23. Epidermal/dermal border is indicated by dotted line. (e) Representative nuclei from
the distinct epidermal layers (left) and geometrical models of the average keratinocyte nuclei form distinct epidermal layers generated on the basis of three-
demensional (3D) reconstruction of 30 nuclei (right). Decrease in number of nucleoli (f), change in individual and total nucleolar volume (g), and in radial
positions of the nucleoli (h) during terminal keratinocyte differentiation. Data in c, d, and e represent means with 95% confidence interval; 30 nuclei in every
group were measured, **Po0.01, ***Po0.001. Note that in geometrical models of the average keratinocyte nuclei (e), orientations of the nuclei from
distinct epidermal layers were purportedly changed to provide a better visual appreciation of the topological differences between them. Bar ¼ 10mm.
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volume of nucleoli in the spinous layer increased more than
twofold and showed further volume increase in the granular
layer (Figure 2g).
To analyze intranuclear positions of nucleoli, we calculated
their radial positions (distance from the nuclear center normal-
ized to the length of the nuclear radius coming through the
center of the nucleolus), according to the recommendations
published previously (Ronneberger et al., 2008). Radial
positions of nucleoli showed significant decrease in KCs of
the spinous and granular layers, compared with basal cells
(Figure 2h). These data suggest that the decrease in the number
of the nucleoli and parallel increase of their volume from
lower to upper layers of the epidermis are likely to be
associated with their fusion and repositioning toward the
nuclear interior.
The changes in the spatial distribution of nucleoli could be
the result either of the active remodeling of nuclear architec-
ture associated with KC differentiation or of purely geome-
trical constraints imposed by the changes in nuclear shape and
size in the different cell populations. To distinguish between
these two possibilities, we generated the mathematical pre-
diction models of nucleoli distribution within the KC nuclei
from different epidermal layers, as described previously
(Cremer et al., 2001; Bolzer et al., 2005). For each model,
the corresponding experimentally assessed parameters (size
and shape of the nucleus, number and volume of the nucleoli
in each epidermal layer) were used. The conditions applied
were that the mathematically predicted nucleoli distribution
was random and restricted by only two parameters: nucleoli
have to fit within the nucleus and cannot overlap.
The mathematical modeling showed that despite changes in
the nuclear size and shape, predicted radial positions of
nucleoli within the KC nuclei from different epidermal layers
should show no significant changes and remain within the
range of 55–57% of average nuclear radius (Figure 2h).
However, radial positions of the nucleoli in the spinous and
granular layers, measured experimentally, differed signifi-
cantly compared with the basal layer (42.2±5.6 and
43.4±4.2 versus 54.3±3.5%, respectively) or with mathema-
tically predicted values (see above; Figure 2h). This indicates
that internalization (or centripetal repositioning) of the
nucleoli seen in the spinous and granular epidermal layers is
not a mere consequence of the geometrical changes in nuclear
shape and size, but it rather represents a result of active
remodeling of the nuclear architecture associated with term-
inal KC differentiation.
Pericentromeric heterochromatin clusters are increased in
number and are spread over the nucleus during epidermal KC
differentiation
Centromers and associated pericentromeric repetitive seq-
uences form constitutive heterochromatic domains in eukar-
yotic cells (Choo, 2001). These domains establish pericen-
tromeric heterochromatin clusters in 3D nuclear space that
can be visualized using 3D fluorescence in situ hybridization
(FISH) with the probes specific to the major pericentromeric
repeats (Horz and Altenburger, 1981). In mammalian cells,
neighboring chromosomes tether together and form common
pericentromeric heterochromatin clusters, which can also be
visualized by strong DAPI staining, and both the number and
positioning of these clusters change during cell differentiation
(Meyer-Ficca et al., 1998; Solovei et al., 2004; Solovei et al.,
2009a; Fussner et al., 2011).
To determine the dynamics of the number and nuclear
positioning of pericentromeric clusters during epidermal KC
differentiation, we used 3D FISH technology with a mouse
major satellite repeat probe (Figure 3a and b). In addition, we
used immunostainings to histone H3 trimethylated at lysine 9
and to heterochromatin protein 1a, which are markers of
transcriptionally inactive or silenced heterochromatin (Zhou
et al., 2011) (Figure 3c). The results showed that the number of
pericentromeric heterochromatin clusters in the KC nuclei
significantly (Po10 3) increased from the basal layer to the
spinous and granular layers, respectively (Figure 3b and d).
Increase in number of pericentromeric clusters in the
spinous layer was also accompanied by significant increase
of their radial positions compared with basal KCs (Po102).
However, radial positions of pericentromeric clusters in the
granular layer decreased compared with the spinous layer
(Po104; Figure 3e). Results of the mathematical modeling
(see above) for pericentromeric cluster positioning showed
that, despite changes in the nuclear size and shape, their
predicted radial positions within the KC nuclei in the spinous
layer differed significantly from the experimental data
(70±0.2 vs. 76±1.5%, Po103; Figure 3e). This suggests
that more peripheral distribution of the pericentromeric
clusters in the spinous versus basal epidermal KCs cannot be
explained by the geometrical constraints associated with the
changes in the nuclear shape and volume, and it is likely to be
due to the active heterochromatin redistribution occurring in
differentiating KCs.
Pericentromeric heterochromatin clusters, nucleoli, and the
chromosomal territory 3 show increased frequency of
associations during epidermal KC differentiation
Pericentromeric heterochromatin clusters and nucleoli occupy
a significant part of the nuclear volumes in mammalian cells
and are often associated with each other, thus influencing the
positioning of chromosomes, distinct chromatin domains, and
genomic loci (Haaf and Schmid, 1991; Alcobia et al., 2000;
Carvalho et al., 2001; Solovei et al., 2009a; Guetg et al.,
2010). To characterize relative positioning of the pericen-
tromeric chromatin clusters, nucleoli, and chromosomal
territory 3, we performed 3D FISH analyses using probes
specific for pericentromeric clusters and/or chromosomal
territory 3 (whole chromosome 3 paint) and combined this
with immunefluorescent visualization of nucleoli using anti-
nucleophosmin/B23 antibodies (Figure 4).
Chromosome territory 3 was purposely selected for these
analyses, as it bears the EDC locus that is crucial for both KC
differentiation and epidermal barrier formation (Segre, 2006;
Bazzi et al., 2007; Fessing et al., 2011), whereas it does not
contain the nucleolus organization regions (Bartova et al.,
2010). Thus, the positioning of chromosome territory 3 in the
nucleus should not be directly influenced (or reflect changes)
by positioning of the nucleoli (see Figure 2).
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The 3D image analyses and computational reconstructions
of the nuclei revealed that the number of pericentromeric
heterochromatin clusters associated with nucleoli significantly
increased in the spinous and granular layers compared with
basal epidermal KCs (Figure 4a and b). Chromosomal territory
3 occupied a peripheral positioning in the nuclei of KCs in all
epidermal layers, closely associated with the nuclear mem-
brane via its peripheral part and interacting with the nuclear
interior via its internal part (Figure 4d and f). Despite the fact
that positioning of the chromosomal territory 3 in the nucleus
was not changed between different epidermal layers, the
frequencies of spatial associations between nucleoli and
the chromosome territory 3 were significantly higher in the
spinous and granular layers in comparison with the basal
layer (Figure 4c and d). Furthermore, our analysis demon-
strated a significant increase in the frequency of peripheral
localization of the pericentrometic heterochromatin of chro-
mosome 3 in the nuclei of the spinous and granular layers
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Figure 3. Remodeling of the pericentromeric heterochromatin clusters during terminal differentiation of keratinocytes in the murine epidermis. (a)
Representative 200 nm single optical-section images of the mouse epidermis after three-dimensional (3D) fluorescence in situ hybridization (FISH) with the major
satellite repeat probe. Epidermal/dermal border is indicated by dotted line. (b) Representative nuclei from the distinct epidermal layers: FISH images
(left) and geometrical models of the average keratinocyte nucleus generated on the basis of 3D reconstruction of 30 nuclei (right). Note that in geometrical models
of the average keratinocyte nuclei, orientation of the nuclei from distinct epidermal layers was purportedly changed to provide a better visual appreciation of the
topological differences between them. (c) Centromeric clusters have heterochromatic character and express markers of silent chromatin like H3 trimethylated
at lysine 9 (H3K9me3), which recruits protein HP1 taking part in chromatin compaction. (d) Changes of number of centromeric clusters during epidermal
keratinocyte differentiation. (e) Change in radial positions of the pericentromeric clusters during terminal keratinocyte differentiation. Data in c and d represent
means with 95% confidence interval; 30 nuclei in every group were measured. **Po0.01, ***Po0.001. Bar ¼ 10mm.
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Figure 4. Changes in the spatial association between pericentromeric heterochromatin clusters, nucleoli, and the chromosomal territory 3 during epidermal
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compared with the basal layer, suggesting a substantial spatial
remodeling of the chromosomal territory 3 during KC differ-
entiation (Figure 4e–g).
These data demonstrate that KC transition between the
distinct epidermal layers is also associated with the changes in
spatial relationships between pericentromeric heterochroma-
tin clusters, nucleoli, and chromosome territory 3, thus
suggesting a substantial 3D reorganization of the genome in
KCs during terminal differentiation (Figure 4h).
DISCUSSION
Execution of lineage-specific cell differentiation programs
requires a high degree of coordination between many levels
of regulation of gene expression in the nucleus, including
higher-order chromatin remodeling and proper spatial
arrangements of the individual chromosomes, chromatin
domains, and nuclear bodies (Hubner and Spector, 2010;
Joffe et al., 2010; Schoenfelder et al., 2010). In differentiating
cells, actively transcribed genes are spatially compartmen-
talized and frequently form preferential intra- and interchro-
mosomal topologically associated domains or interactomes,
which are regulated by lineage-specific transcription factors,
whereas repressed genes also form spatially organized inactive
chromatin domains (Lieberman-Aiden et al., 2009; Schoen-
felder et al., 2010; Nora et al., 2012). Thus, spatial organi-
zation of the transcriptionally active or silenced compartments
in the nucleus strongly depends on its size, shape, preferential
arrangements of the chromosomes, number, and size of
distinct nuclear bodies, and so on, which are markedly
changed during cell differentiation (Dundr and Misteli,
2010; Joffe et al., 2010; Schoenfelder et al., 2010).
Here we present data of the first systematic analyses of the
remodeling of nuclear architecture during terminal KC differ-
entiation in the epidermis, and demonstrate that terminally
differentiated KCs show marked differences in microanatomi-
cal organization of the nucleus compared with basal epider-
mal cells including the following: (i) decrease in the nuclear
volume; (ii) decrease in expression of the markers of tran-
scriptionally active chromatin; (iii) internalization and
decrease in the number of nucleoli; (iv) increase in the
number of pericentromeric heterochromatic clusters; and (v)
increase in the frequency of associations between nucleoli,
pericentromeric clusters, and chromosomal territory 3
(Figure 1–4).
Our data obtained by using a multicolor confocal micro-
scopy of cryosections of the normal mouse footpad epidermis,
followed by computational image reconstruction and mathe-
matical modeling, are quite consistent with the results of two-
dimensional ultrastructural studies of the nucleus in differen-
tiating epidermal KCs obtained previously (Breathnach, 1971;
Karasek et al., 1972; Tsuji and Cox, 1977). In particular, we
show that nuclear volume is significantly decreased during
epidermal KC differentiation (Figure 1), which corresponds
well to the data obtained from normal human epidermis
demonstrating that the size of the nucleus (determined on
ultrathin sections) in KCs of the granular layer is markedly
lower compared with that in the cells of the basal or spinous
layers (Tsuji and Cox, 1977).
Global levels of transcription and the number and size of
nucleoli are tightly coupled with metabolic activity of the cell
(Derenzini et al., 2009; McKeown and Shaw, 2009). Our
analysis of the markers of active transcription and morphology
of the nucleoli showed significant differences between KCs
from different layers of the epidermis; transcriptional activity
was high in the basal layer and increased even more in
spinous layers before decreasing significantly in the granular
layer, whereas nucleoli become less numerous and show a
tendency to fuse in KCs of the spinous and granular epidermal
layers compared with basal epidermal cells (Figure 2). These
data are in agreement with studies in other cell types,
demonstrating that nucleoli are larger in rapidly dividing cells
or in cells with very high metabolic activity (Sullivan et al.,
2001; McKeown and Shaw, 2009).
In addition to assembling the ribosomal subunits, nucleoli
also have an essential role in the spatial genome organization
by tethering and harboring together the nucleolus organization
region–bearing chromosomes (in mice—chromosomes 12, 15,
16, 17, 18, and 19; Solovei et al., 2004; Kalmarova et al.,
2007). Mathematical modeling performed in our study reveals
that internalization (or centripetal repositioning) and the
decrease in number of nucleoli seen in differentiated KCs
cannot be explained by only changes in the nuclear shape or
size, but rather represents the results of active remodeling of
spatial nuclear organization (Figure 2). As nucleoli are
surrounded by the perinucleolar heterochromatin, which
represents the sites of silencing for many genes in the nucleus
(Mao et al., 2011), changes in their positioning and number
might also result in spatial redistribution of the inactive
chromatin domains as a part of the programmed cessation of
a number of transcription programs associated with terminal
KC differentiation.
Chromosomal centromeres are embedded into heterochro-
matic regions of repetitive DNA sequences (Aleixandre et al.,
1987; Choo, 2001; Solovei et al., 2009a). In the interphase
nucleus, centromers of different chromosomes cluster
together, thus providing important spatial constrains that
influence the 3D nuclear organization (Alcobia et al., 2000;
Solovei et al., 2004). We show that number of the
pericentromeric heterochromatin clusters is increased in the
spinous and granular layers (Figure 3), suggesting that at least
some pericentromeric clusters disassemble in the terminally
differentiated KCs, possibly due to the changes in the
positioning of selected chromosomes or to the remodeling of
their chromatin structure (i.e., folding) associated with term-
inal KC differentiation. These data are consistent with studies
of the Purkinje cells in which the number of pericentromeric
heterochromatin clusters increases during differentiation
(Solovei et al., 2004).
Interestingly, analysis of spatial associations between
nucleoli and pericentromeric clusters showed that the number
of associations between them also increases during KC
differentiation, which is also consistent with the data observed
previously in terminally differentiated Purkinje cells (Solovei
et al., 2004). Such associations might occur through
interactions between the nucleolar RNA–binding proteins
and RNAs transcribed from the genomic regions that
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constitute nucleolar-associated domains, including a-satellite
centromeric RNAs (Wong et al., 2007; Nemeth et al., 2010).
In addition, nucleoli more frequently interact with non-
nucleolus organization region–bearing chromosomal territory
3 in the terminally differentiated KCs compared with basal
epidermal cells (Figure 4).
We speculate that these changes might generate additional
subcompartments around chromosome territory 3, where
selected genes might be relocated for cell differentiation–
associated silencing. However, additional 3D FISH and
microarray data are required to correlate positioning and
expression levels of genes closely located to nucleoli in the
granular layer KCs, similar to the data on other cells published
previously (Nemeth et al., 2010).
In conclusion, data presented here demonstrate that term-
inal KC differentiation in the epidermis and transition of the
KC nucleus from a metabolically active status to an inactive
condition is accompanied by marked remodeling of the 3D
nuclear organization and microanatomy (Figure 4h). Decrease
of the nuclear volume, internalization of the nucleoli, and
expansion of pericentromeric heterochromatin clusters form-
ing close associations with each other in terminally differ-
entiating cells are likely to contribute to global changes in the
transcriptional landscape in differentiating KCs. These data
also suggest the nucleoli and pericentromeric clusters as
important elements of the nuclear architecture, which may
control the local ‘‘transcriptional microenvironment’’ of dis-
tinct chromatin domains by modulating the processes of
chromosome tethering and regulating their positioning, fold-
ing, and/or orientation. Taken together, these data provide
important background information for further analyses of the
topological organization of the genome in KCs during cell
differentiation and reprogramming, as well as for studies of the
alterations in nuclear architecture seen in pathological skin
conditions, including the disorders of epidermal differentiation
(such as psoriasis) or epidermal benign or malignant tumors.
MATERIAL AND METHODS
Experimental animals and tissue collection
Tissue collection was performed under protocols approved by the
Bradford University and the Home Office Project License. Footpad
skin of 10-day-old C57Bl/6 mice was processed for immunofluores-
cence or 3D immuno-FISH, as described previously (Walter et al.,
2006; Fessing et al., 2011).
Immunofluorescence and 3D Immuno-FISH
Cryosections of quick-frozen tissue were air dried, fixed in 4%
formaldehyde for 10 minutes at room temperature, and incubated
with primary and secondary antibodies (list of antibodies and
dilutions are provided in the Supplementary Table S1 online),
counterstained by DAPI, and embedded into the Vectashield medium
(Vector Labs, Burlingame, CA).
The 3D FISH analysis was performed with labeled DNA probes on
FISH-fixed tissue sections as previously described (Solovei et al.,
2009b). The probes detecting mouse major satellite repeats and
whole chromosome paints of mouse chromosome 3 were labeled
with Cy3- or Biotin-dUTP (as described by Horz and Altenburger,
1981; Telenius et al., 1992; Henegariu et al., 2000; Solovei et al.,
2004). The frozen sections were dried, heated to 10 mM sodium
citrate pH 6.0 to partially reversed crosslinking, and equilibrated
in 50% formamide/2 SSC. Precipitated labeled DNA probe
mixtures were applied on the tissue under glass chambers.
Hybridization was performed at 37 1C for 2 days, followed by
washing and incubation with streptavidin-Cy5 (Rockland Immuno-
chemicals, Gilbertsville, PA). From this stage, sections were processed
for immunofluorescent labeling and counterstaining with DAPI, as
described above.
Microscopy
Images were collected using a laser-scanning confocal microscope
(LSM 710 or LSM510 META; Carl Zeiss, Oberkochen, Germany)
equipped with UV (364 nm), Argon (488 nm), HeNe1 (543 nm), and
HeNe2 (633 nm) lasers. For 3D image analysis, the nuclei were
scanned using a narrow band detector with a Z axial distance of
200 nm, yielding separate stacks of 8-bit grayscale images for each
fluorescent channel with a pixel size of 100 nm. For each optical
section, images were collected sequentially for all fluorophores, and
axial chromatic shift was corrected for each channel according to
(Solovei et al., 2009).
3D image processing and analysis, reconstruction of epidermal
nuclei
On the basis of the detected fluorescent signals, individual nuclear
surfaces were segmented by manual retrieving of points using ImageJ
software (http://rsbweb.nih.gov/ij/), followed by triangulation, recon-
struction, and editing of the reconstructed 3D image using MATLAB
(Mathworks, Natick, MA). Similar reconstruction was done to visualize
spatial associations between the centromeric clusters, nucleoli, and
chromosome territory 3 and their localization within the nucleus. We
defined the association between the nucleoli and chromosomal
territory 3 as a partial overlap or close contacts (touching) between
the fluorescent signals depicting these structures. During the quanti-
fication process, such contacts between these structures were scored
as a single association. Positioning of the pericentromeric clusters was
considered as peripheral when the fluorescent signals depicting such
clusters showed contact with the nuclear border.
Morphometric analyses of the nuclei and the number, radial
positions, and volumes of nucleoli and centromeric clusters
Retrieved coordinates from the surface of the nuclei were used for
calculation of the nuclear volume and shape. Volume was calculated
by in house written script in R-foundation for statistical computing
(http://www.r-project.org/foundation/). The surface coordinates
were used subsequently for fitting of the ellipsoid equation and
retrieving of its axis sizes (the least square algorithm) by publically
available MATLAB ‘‘minVolellipse’’ (Mathworks). For estimation of
radial positions of centromeric clusters and nucleoli, for every
nucleus coordinates of 200–400 points from the surface were
retrieved in the ImageJ and, along with the centroids of nucleoli
and centromeric clusters obtained previously, were used as input data
for a script. In total, 30 nuclei from every epidermal layer were
analyzed.
Mathematical modeling of the nuclei and statistical analyses
Mathematical modeling of the nucleus was performed based on
previous measurements, according to previously published
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instructions (Cremer et al., 2001; Bolzer et al., 2005; Ronneberger
et al., 2008). The model nucleus had the average size for nuclei from
distinct epidermal layers, average number of nucleoli, and
centromeric clusters, which were also of average size characteristic
for distinct layer. Distribution of nucleoli and clusters restricted by the
nuclear volume and the volumes of other nucleoli/clusters was
randomized. After generation of the nuclear models, radial
positions were calculated and averaged in sets of 30. Finally, radial
positions from the model were compared with radial position from
experiment with the Student’s t-test. Representative models of nuclei
from distinct layers were visualized in MATLAB (Mathworks). Data
were analyzed using Lilliefor’s normality test and then either with the
Student’s t-test (for two groups) or the one-way analysis of variance,
followed by the Newman–Keuls procedure (for more than two
groups) in Excel (Microsoft, Redmond, WA). Statistically significant
differences between the groups are denoted by asterisks: *Po0.05,
**Po0.01, ***Po0.001.
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